The simultaneous fit of proton ratio µpGEp/GMp, qF2p/F1p to the recent experimental data and static properties of the nucleon is studied within a light-front model with different spin coupling schemes and wave functions. The position of the zero of proton electric form factor is sensitive to the presence of a hard constituent quark component in the nucleon wave function. The fitting of the new data for the ratios is achieved with a hard momentum scale about 4-5 GeV.
Introduction
The recent e−p polarization transfer experiments performed at the Jefferson Laboratory for square momentum transfers up to −q 2 ∼ 6 GeV 2 [1, 2] , show that the proton ratio µ p G Ep /G M p has a strong and almost linear decrease with −q 2 , which also reveals a flattening of qF 2p /F 1p starting at −q 2 ∼2 GeV 2 . Extrapolation of the linear trend indicates a zero of G Ep for q 2 ∼ 7.7 GeV 2 [2] , which is also incorporated by the new empirical fit of the proton form factors [3] .
The constituent light-front model used by us some time ago, with tunable relativistic quark spin coupling forms, expressed in terms of an effective Lagrangian [4] , was able to account for the nucleon static properties with pointlike quarks. Although we found a decreasing ratio of µ p G Ep /G M p , in qualitative agreement with the experimental data, the momentum transfer at which G Ep crosses zero appeared at too low values of q 2 between 3 to 4 GeV 2 , for different choices of spin coupling scheme and one scale momentum components of the wave function [4] . This model has a too small momentum scale which leads to a zero of G Ep at lower values of q 2 . An other light-front model with point-like constituents shows also a zero of G Ep at lower values of −q 2 ∼ 5.5GeV 2 [5] . Therefore, one could attempt to introduce another term in the momentum component of the light-front wave function which would bring a higher momentum scale and try to fit the ratio G Ep /G M p without changing the conclusions found at low momentum transfers.
In recent works with light-front models [6, 8] applied to mesons, we found the physical motivation to introduce in the nucleon wave function a higher momentum scale related to short ranged physics of the constituent quarks. They found a reasonable description of the meson spectrum and pion properties, including a Dirac-delta interaction in the mass squared operator among other parts, inspired by the hyperfine interaction from the effective one-gluon-exchange between the constituent quarks [6, 7] . It was also pointed out by [9] , that the pion and the nucleon light-front wave functions present hard-constituent components, i.e., high momentum tails, above 1 GeV/c, due to the short-range attractive part of the interaction in the spin zero channel, as taken from the Godfrey and Isgur model [10] .
The previous discussion physically motivates the presence of a high momentum tail in the valence component of nucleon wave function, which will be tested in calculation of the electromagnetic form factors. In this work, we use a two scale form of the momentum component of the wave function and an effective Lagrangian construction of the spin coupling between the quarks [4] , with gradient and scalar forms:
where τ 2 is the isospin matrix, the color indices are {l, m, n} and lmn is the totally antisymmetric symbol. The conjugate quark field is Ψ C = CΨ , where C = iγ 2 γ 0 is the charge conjugation matrix. α is a parameter to choose the spin coupling parameterization. The scalar form has α = 0 and the gradient plus scalar has α = 1/2.
The lower momentum scale of the momentum componet of the light-front wave function is essentially determined by the static observables and the higher one is related to the zero of G Ep . We choose the harmonic and power-law forms [11, 7] ,
The normalization is determined by the proton charge. The width parameters, i.e., the characteristic momentum scales of the wave function are β and β 1 . M 0 is the free mass of the three-quark system. This work is organized as follows. In section II, it is given a brief description of the macroscopic and microscopic forms of the nucleon electromagnetic current appropriate for the light-front calculations. In section III, we present the numerical analysis of the nucleon electromagnetic observables for the new two-scale model. A conclusion is presented in section IV.
Nucleon electromagnetic current
The calculation of the nucleon electromagnetic form factors with the model of Ref. [4] , in which the effective Lagrangian from Eq. (1) 
The contribution of the Z-diagram is minimized in a Drell-Yan reference frame while the wave function contribution to the current is maximized [12, 14, 15, 7, 16] . We use the Breit-frame, where the four momentum trans-
The nucleon electromagnetic form factors are obtained from the matrix elements of the current J + N (q 2 ) in the lightfront spinor basis in the Breit-frame constrained by the Drell-Yan condition [17, 4] :
where F 1N and F 2N are the Dirac and Pauli form factors, respectively and η = −q 2 /4m N . The momentum transfer in the Breit-frame was chosen along the x-direction, i.e., q ⊥ = ( −q 2 , 0).
The electric and magnetic form factors (Sachs form factors) are given by:
where N = n or p. Here µ N = G M N (0) and κ N = F 2N (0) are the magnetic and anomalous magnetic moments, respectively. The charge mean square radius is r
Our relativistic model for the nucleon electromagnetic current assumes the dominance of the valence component of the wave function in the static observables and form factors. The microscopic matrix elements of the current are derived from the effective Lagrangian, Eq.(1), within the light-front impulse approximation which is represented by four threedimensional two-loop diagrams [4] , which embodies the antisymmetrization of the quark state in the wave function. The detailed form of the expressions used in our calculations were discussed thoroughly in our previous works [4] .
Results and Discussion
The present model of the nucleon light-front wave function has four adjustable parameters: the constituent quark mass, the momentum scales β and β 1 , and the relative weight λ (see Eq. (2)). We use, as before [10, 4, 9] , a constituent quark mass value of m = 0.22 GeV in the numerical evaluation of the form factors. The parameters β, β 1 and λ of the different models are found by reproducing to some extent the proton magnetic momentum and the experimental ratio
The power-law fall-off from general QCD arguments has a value of p = 3.5 in Eq.(2) [11, 7] . From the point of view of the static electroweak observables, the value of p does not present an independent feature, once one static observable is fitted the other is strongly correlated, as long as p > 2 [4, 11] . Here we choose for our calculations p = 3. As we are going to show below different assumptions for the wave function, i.e., harmonic or power-law, have minor impact on our conclusions.
We performed calculations with the scalar coupling α = 1 and scalar plus gradient coupling α = 1/2 in the effective Lagrangian, Eq.(1). The last one corresponds to the spin coupling between the quarks to form the nucleon in which the Melosh rotations have the arguments defined by the kinematical momentum of the quarks in the nucleon rest frame. The difference with the Bakajmian-Thomas construction of the spin coupling coefficients resides in the argument of the Melosh rotations which are defined for a system of threefree particles [18] . These subtle differences distinguish the effect of the relativistic spin coupling as an independent feature of the wave function parameterization in respect to the model results for the nucleon form factors [4] .
We present results for one-scale and two-scale momentum components of the wave function, for harmonic and power law forms, with α = 0 and 1/2. The calculations labelled by (a) to (d) and from (e) to (h) in Table I , are done with harmonic and power-law models, respectively. The parameters which we found by a reasonable fit of µ p and µ p G Ep /G M p simultaneously, are presented in Table I . We observe that while the small momentum scale parameters are about or less than 1 GeV, the large momentum scale is found ranging between 4 to 5 GeV. The small values of λ mean that it is the interference between the two parts of the momentum component of the wave function that carries the high momentum scale in the form factors, and therefore the physical momentum scale which is important for the virtual three-quark system is below β 1 shown in Table I .
The values of the nucleon static observables for all models are shown in Table II . Here, we observe that two-scale models of the wave function produce a reasonable proton mean square radius once its magnetic moment is adjusted, as has been found for one scale models which present a strong correlation between these two observables [11, 7, 4] . However, for one scale models the zero of G Ep appears at too low momentum transfers with q 2 0 between 3-4 [GeV/c] 2 , while two-scale models are able to produce a value around 8 [GeV/c] 2 . These two-scale models are able to describe reasonably the proton static observables and the zero of G Ep , as shown in Table II . The neutron magnetic momentum is not reproduced by the models when µ p is near the experimental value an aspect already found in previous works [4] . Although the neutron charge mean square radius for scalar coupling models agrees with the data, the maximum of the electric form factor is very sensitive to the value of µ n , as we will discuss later. 
Results for two-scale model (a) (solid line) and (e) (dashed line). Results for one-scale model (b) (dotted line) and (f) (dot-dashed line). Experimental data from Refs. [1, 2] .
The results for the proton ratios µ p G Ep (q 2 )/G M p (q 2 ) and qF 2p (q 2 )/κ p F 1p (q 2 ) using the scalar coupling models, with parameters from Table I , are shown in Fig.1 . We present calculations for α = 1 with harmonic ((a) and (b)) and power-law ((e) and (f)) forms of the wave function. From Table II , one could anticipate the results we found: a reasonable agreement with the data [1, 2] is seen for the models which have the zero of G Ep around the suggested experimental value of 7.7 [GeV/c] 2 . The same conclusion is found with respect to the ratios when α = 1/2, i.e., the one-scale model adjusted to fit µ p does not account for the data on the ratios, while two-scale models give a reasonable agreement with the data.
The neutron electric and magnetic form factors for power-law models with α = 1 ((e) and (f)) and α = 1/2 ((g) and (h)) are shown in Fig. 2 . The neutron magnetic moment comes too low, between -1.5 and -1.66 as one see in Table II . Although the neutron mean square radius for scalar coupling is about the experimental value, for one and two-scale models, the peak of G En strongly depends on the value of µ n . A reasonable agreement with the experimental data for G En below 5[GeV/c] 2 is found when the scalar model is parameterized to fit µ n , while the scalar plus gradi-ent model underestimate the data [4] . We found that as |µ n | decreases the maximum value of G En increases. Therefore, the model has to be improved to allow the fit of µ p and µ n together. The neutron electric form factor, for both coupling schemes, decreases slowly for two-scale models, due to the presence of the high momentum tail in the wave function, while for the one-scale models it goes faster to zero. In Fig.2 we also present the calculations for the neutron magnetic form factor, where we found the evidence for a zero for the scalar coupling model with a two-scale wave function. The other parameterizations with one or two-scales models and/or plus gradient coupling does not present a zero up to 100 [GeV/c] 2 . Certainly, the presence or not of the zero in G En will strongly constrain the models. 
Conclusion
We have overcome the previous limitations of the light-front model to reproduce the nucleon form factors with an effective Lagrangian approach to construct the relativistic spin coupling of the quarks by introducing a physically motivated two-scale wave function model. The zero of the proton ratio G Ep /G M p and the static properties, with the exception of the neutron magnetic moment , are reasonably reproduced within a light-front model with scalar spin coupling scheme and harmonic and power-law wave functions. The neutron charge mean square radius is reproduced with the scalar model of the effective Lagrangian, consistent with previous results [4] . The position of the zero is strongly dominated by the presence of a hard constituent quark tail in the nucleon wave function assuming point-like quarks. This result is independent of the detailed form of the quark spin coupling scheme, scalar or scalar plus gradient, and momentum component of the wave function. The present data for the form factor ratios µ p G Ep /G M p and qF 2p /F 1p suggest a hard momentum scale of about 4 − 5[GeV /c].
